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|  13-  ABSTRACT 

However,  when  the  surface  layer  was  eliminated  H?  ^  proPorti°nal  limit. 

mit  war  restored  to  its  original  value  These^r  ^ tiQn’  ~the  -Pr9P9f.tional 

hardening  is  confined  mainly  in  the  surface  d%Lshow  that  the  work 

of  dislocations  in  Fe-3Si  steel  was  invest!*!!^  ’  J"1®  6tCh  pit  distribution 
[appearance  0f  slip  steps  in  untreated  an  S  I  6 thref old  stress  for  the 
Was  determined.  The  percent  of  grains  / V ted  specimens  of  aluminum 
014-T6  which  are  stressed  to  various  values  wa  ef°rmed  *n  specimens  of  aluminum 
treatment  on  the  threshold  stress  inter!! tl ‘  The  effect  of  SSLE 
ametral  gage  to  measure  the  surface  layer  st^  3°fSteel  was  established.  A 
manufactured.  ce  Ioyer  stress  of  notched  specimens  was 
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FOREWORD 


This  report  was  prepared  by  the  Denver  Division  ol  Martin 
Marietta  Corporation  under  U.  S.  Army  Contract  DAAG  46-70-C-0102 . 
The  contract  is  sponsored  by  the  Advanced  Research  Project  Aeencv 
under  ARPA  Order  188-0-7400  and  is  being  administered  by  the  Army 
Materials  and  Mechanics  Research  Center,  Watertown,  Massachusetts 
with  Dr.  Eric  B.  Kulas  AMXMR-RM,  serving  as  Technical  Supervisor.’ 


This  project  has  been  accomplished  as  part  of  the  0.  S.  Army 
Manufacturing  Methods  and  Technology  Program,  which  has  as  its 
objective  the  timely  establishment  of  manufacturing  processes, 
techniques  or  equipment  to  insure  the  efficient  production  of’ 
current  or  future  defense  programs. 


ABSTRACT 


A  change  in  proportional  limit  after  cycling  was  observed  for 
aluminum  2014-T6.  Cycling  below  the  endurance  limit  increases  the 
proportional  limit.  However,  when  the  surface  layer  was  eliminated 
by  relaxation,  the  proportional  limit  was  restored  to  its  original 
value.  These  data  show  that  the  work  hardening  is  confine.1  mainly 
in  the  surface  layer."  The  etch  pit  distribution  of  dislocations  in 
Fe-3Si  steel  was  investigated.  The  threshhold  stress  for  the  appear- 
t*  sllP/tePs.injunt«ated  and  SSLE  treated  specimens  of  aluminum 
2°14:T6 .was  determined.  The  percent  of  grains  deformed  in  specimens 
of  aluminum  2014-T6  which  are  stressed  to  various  values  was  observed. 
The  effect  of  SSLE  treatment  on  the  threshhold  stress  intensity  for 
4130  steel  was  established.  A  diametral  gage  to  measure  the  surface 
layer  stress  of  notched  specimens  was  manufactured. 
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I.  INTRODUCTION 


Under  this  contract  we  are  investigating  the  effect  of  surface 
ayer  on  the  rate  of  crack  propagation  and  based  on  this  knowledge 
we  propose  to  improve  the  crack  propagation  resistance  of  metals 
During  the  past  year  it  has  been  shownCD  that  prestress  and  surface 
ayer  elimination  (SSLE)  treatment  decreases  the  rate  of  crack  pro 
pagatic  cn  titanium  (6A1-4V),  4130  steel  and  aluminum  lOU-Tf,  ?he 

S  X!  r  [,la"e  stress  “  «  under 

under  1  conditions.  In  many  applications,  structures  are  loaded 
under  cyclic  conditions  and  a  pre-existinp-  flart  ..  , 

^"urIe;eS:nica!ritlCal  Sr°“th  °f  **  »*»  I"P-“"tPi„ 

inj^r:rr^ 

ayer.  It  is  proposed  that  during  cycling  the  surface  layer  stress 

support^  %ill  up"  6dSrhfaCe  beC°meS  sufficie"tly  strong  to 

Strength  ,?•  ^  stress,  increases  locally  above  the  fracture 

ength,  a  crack  is  formed.  This  crack  will  propagate  until  the 
loca!  stress  is  reduced  below  the  fracture  stress'  During  the  next 
y  le  the  surface  layer  stress  will  be  increased  and  the  crack  will 
again  propagate  This  process  will  give  rise  to  steps  on  the  fractured 

thefis  SeaenduranCe  T  —  °bse!:Vations-  0n  the  basis  of  this  hypo- 
surface  S  ^  limit  would  bn  that  stress  amplitude  at  which  the 

surface  layer  did  not  form,  or  the  rate  of  increase  of  the  surface 

zrzh — 

enhance  the  fo^ti™  TZ  Zl Z  S’tJStS. 

,urther,  an  environment  which  in  some  way  embrittles  the  surface  layer* 
would  decrease  the  fracture  toughness  and  increase  the  rate  5  crack 
propagation  This  statement  follows  from  the  fact  that  in  practically 

fracture^  through  the  surface.  Normally,  during 

fracture,  considerable  plastic  deformation  occurs  in  the  region  close 

S«I\>ter-°r,8UrfMe  and  aS  a  result  the  crack  propagation  ?ate  at 

these  sites  is  less  than  that  in  the  interior  tm-  C 

the  crack  profile  to  have  a  thumbnail  shape.  Any  reductiorirducti!3 
y  m  the  surface  layer  by  embrittlement  will  reduce  the  fracture 


2 


toughness.  The  decrease  in  the  rate  r>f 

surface  layer  is  reduced  follows  the  sameTh  Pf°pagation  ^en  the 
fatigue  life.  When  the  specimens  are  nra  ?  V1°r  as  that  of  the 
surface  layer  is  removed,  it  does  not  P  astressed  and  the  resulting 
of  the  notch  or  crack  is  approximate  equal  to Stress  in  front 
V*  Actually  the  reformation  of  the^urface  1  °f  prestress 
-  -  -  where  „  „  i3yer  sh°uld  b*gin  at 

PS  s  ps  the  Prestress.  Accordingly  it  would  u 

expected  that  the  improvement  in  th.  ,  be 

at  low  ‘K  values  and  the 

^^EXPERIMENTAL  RPSHT.Tq  and  discussion 

in  the  SSLE  'treatment  The^tlhplt "d ^  raechanis^  involved 
in  Fe-3Si  steel  was  investigated  ?  The ^chl lbUt^°n  of  deformation  bands 
after  cycling  was  observed  for  al‘  Cbange  ln  Proportional  limit 

for  the  appearance  of  slip  steps  iTnT  2°14"T6‘  The  threshold  stress 
of  aluminum  2014-T6  was  determined  ruT  3nd  SSLE  treated  specimens 
when  specimens  of  aluminum  2014-Tb‘are  str e^T  °f  grains  def°rmed 
was  observed.  The  effect  of  SSLE  treating  u°  different  values 
intensity  for  4130  steel  was  established  A T  threshhold  stress 
the  surface  layer  stress  of  notched \  dia,netral  gage  to  measure 

mens  with  suitable  stress  concentMMo ^cimens  was  manufactured.  Speci- 

machined  out  of  titanium  (6A1-4V)  These^0”  designed  and 
detail.  4V;*  These  topics  are  described  in 


A.  ETCH  PIT  DISTRIBUTION  IN  SILICON  IRON 

Jl  “ ^“^'thin'film'electron^icr'116  disl°cation  density 

single  crystlir^fhighesfat^he^surf011  d6nSity  drained 'copper 
to  a  constant  value  after  a  depth nT  t?  the  daisitX  decreased 
reported  a  surface  layer  of  about  50  !i°Ut  50."100  raicrons.  Suzuki  <4 ) 
These  values  agree  with  those  obtained  h™™  ™  deformed  Kcl  crystals, 
stress.  Vellaikal  and  Washburn(5)  also  ^  Surface  layer 

line  copper  plastic  flow  occurred  firs?  P?u  that  polycrystal- 
m  the  bulk •  In  contrast,  Block^  ost?"  SUrface  grains  and  then 
as  Kitaj ima,  reported  that  the  dislocatio?  d ^  y.USing  the  same  technique 

‘  thG  Cr°SS  SGCti0n  °f  — d  copper “crysta lsf 
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copper  crystals  and,  by  an  electrochemical  iot-  *.  u  • 
specimens  0.003  inches  thick.  He  reported  Jhat  tL ^  °Ut 

the  strained  specimens  were  softer  than  thaf of  Ih  UK  P°"tl0ns  of 
would  imply  that  the  initial  !  that  of  the  bulk.  These  data 

stress  for^specimens  ?“  “”l0adI"8 

thirfofaL^nu'mrcoppe^Ld'goId1  the"^10”8 '  U  ?“  ”ee"  sSh°»"<8) 

deformation  decreases  as  the  rate  'of  met,?'^..*!^"1”.™*'81'  £°r 

Hahn,  Mincer  and  Rosenfield^^  at  Rahf0n0  m  .  . 
experimented  with  dislocation  etch  pits  in  Fe^^uel  Th^T 

3  PleCe  °f  thelr  3l1^  -PPtoxJt  ly  “  ^  2^yoh5"e 
iensiie  specimens  were  made  The  rlnr,  J  -  x  u,;>  • 

annealed  at  1436°F  followed'by  forced-air ^online  apeClmens  ”ere 

The  specimen  was  successively  stressed  ^  !  8  100,11  ^Perature. 

at  higher  stresses  followed  by  aging  at  !55°c  “  Unit  "d 

specimens  were  then  polished  and  etch^  in V  •  2°  minutes.  The 

deformation  bands.  The  Morris  solemn  conSsts"^ To/S  T\f 

dtrr^^’TSo^sr^tVtb"10  r u-  ^^01^  »as8 

aching  occurs"!*  ££  7^%^ 

Ksi/agedpouSed^nfetchlfare^l:1^  X£*J  “itlT  “  5° 

was  polished  to  remove  0  001  in  f,.„„  .-u  !;8  e  The  specimen 

is  observed  that  the  dislocation  density^^^^^"^^  ^ 

specimen  wts  nnllaa  >-«  i«/  i  .  00  reaucea.  The  same 

»•  disloca1i„^^srty1LPshl1CirFr“nref0210"Th  *  ^i^  ^  a“hi"S- 

&STT  0;“n‘":“d  «-*<*.<.  The  Lme  areals ToTr11^ 

when  thS'suiface  is  .^oveder''Thetsat  f”*  dlSl°0atiP"  is  reduced 

Plastic  strain,  aged‘s  etched  XfC£n1"*  Stral"ed  “  ^ 

than  in  the  bulk.  y  greater  in  the  surface  layer 
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B.  EFFECT  OF  CYCLING  ON  THE  PROPORTIONAL  LIMIT 


An  investigation  was  conducted  on  th<=  . 

above  the  endurance  limit  on  the  proportional  5  f  Cycllng  below  and 
The  specimens  had  a  nominal  diameter  of  0  i  'T/  tlCfium  (6A1-4V), 
length  of  0.3  in.  Before  testing  the  -nee-  d  3  uniform  Sa ge 

at  760°'J  for  two  hours.  The  sLfimLL specimens  were  annealed  in  vacuum 

fluoric  acid  until  the  diameter  was  reduced  by  0^04  U  ni^ic"hydr°- 
was  conducted  in  an  electrohydraulic  machine  (OTS)  S'  t6Sting 
limit  of  the  specimens  was  measured  in  an  Instron^  l  Proportional 
extensometer  was  mounted  across  the  =  n  •  1  tron  testin§  machine.  An 
mens  were  cycled  in  tension!?™?  Spe™  to  meaaure  strain.  Speci- 
stress  of  +  55  Ksi  for  3  and  s  P-ii310n  be*ow  the  endurance  limit  at  a 
out  at  20  cycles  per  Leo""  fLLo!"  C*cling  ”aa  carried 

was  eliminated  by  relaxation  for  2  dayf  ThLs  ^  ^  SUrface  layer 
the  Instron  machine  and  the  proportional  ?h?  sPecimen  was  pulled  in 
portional  limit  was  122,000  psi  and  iLabLt Lh^  The  Pr°- 

mental  error,  as  the  value  of  no  iu  „  •  ,  tbe  aame»  within  experi- 
has  not  been  cycled.  Another  an  ’  •  PS1  obtained  for  a  specimen  which 
and  was  allowed  to  relax  for  6  days^Lh?3  cycled . for  3-5  million  cycles 
specimen  was  123,106  psi.  7  ”  h  ProP°rtlonal  limit  of  this 

specimens  at  +  80  KsiLLLt^^O  Kb^33  T”  C^cling  titanium  (6A1-4V) 
observed  that“the  surfLe  layt  still™  in/igure  ^  is 

number  of  cycles.  If  the  lines  are  lncraases  linearly  with  the 
number  of  cycles  to  fa ilLe  LL  6Xtrap°lated  to  N  which  is  the 

,Ihus  il:  is  shown  thae'c;cli^rSreasesSthe1sur£f0r  “  35’0°° 
and  when  the  surface  laver  stroeo  .  tbe  sur^ace  layer  stress 

the  specimen  tails  rMChCS  a  Val“a  to  35,000  psi. 


C.  DEFORMATION  OF  ALUMINUM  2014-T6 


SSLE  treatment emPSoer- 10  UndarsJ:anf  the  mechanisms  involved  in  the 
metallographic 'observations0  ?J“"^””i2014''16  ”era  Polished  flat  for 
stress  levels  and  “*SMd  “/arious 

lines.  The  percentage  of  pnicaily  for  evidence  of  slip 

to  various  stress  levels  afe  s^ownt™^  5th6  ifis"^  “  ^ 
as  the  stress  is  increased  above  5  Ksi  SI  5‘  1  observe!  that 

formed  rapidly  increases.  The  Iffect VSsiITT86  °£  Srains  de- 

tional  limit  (00  Ksi).  2^1^  o^l 
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surface  and  the  specimen  was  stressed  incrementally  until  slip  lines 
appeared.  The  stress  at  which  slip  lines  appeared  (  ^  )  was  46  Ksi. 

This  procedure  was  repeated  and  the  value  of  <r  as  a  function  of 

depth  was  determined.  It  was  made  certain  that  adequate  amounts  of 
surface  had  been  removed  so  that  slip  lines  corresponding  to  the 
previous  deformation  disappeared.  The  data  are  shown  in  Figure  6. 

The  data  show  that  the  surface  region  is  work  hardened  to  a  greater 
extent  than  the  interior  of  the  specimen.  In  addition,  stressing  to 
the  proportional  limit  work  hardened  the  interior  so  that  the  thresh- 
hold  stress  increased  from  5  to  34  Ksi. 

The  effect  of  prestressing  on  the  threshhold  stress  for  single 
crystals  of  aluminum  was  also  investigated.  Dog  bone  shaped  specimens 
of  single  crystal  aluminum  were  presetressed  to  1100  psi.  The  speci¬ 
mens  were  then  polished  to  remove  0.002  in.  and  the  threshhold  stress 
°'the  onset  of  sliP  lines  was  determined  to  be  900  psi.  After  removing 
0  003  in.  from  the  surface,  the  threshhold  stress  reached  a  plateau  at 
800  psi  and  no  further  decrease  was  observed  with  continued  removal  as 
shown  in  Figure  7. 


D.  THRESHHOLD  AK 


It  has  been  shown  previously  that  SSLE  treatment  decreases  the 
rate  of  crack  propagation.  The  minimum  AK  below  which  the  initial 
flaw  does  not  propagate  up  to  a  million  cycles  has  been  defined  as 
AKfh.  The  effect  of  SSLE  treatment  on  the  AK^  value  of  4130  steel 

was  investigated.  For  the  SSLE  treatment  of  4130  steel,  the  specimens 
were  prestressed  to  120.5  Ksi  and  the  surface  layer  was  eliminated  by 
relaxation.  Center  notched  specimens  which  have  been  previously  des¬ 
cribed  were  used.  The  initial  flaw  which  was  0.2"  long  was  put  in 
with  a  jeweler  s  saw.  In  the  SSLE  treated  specimens,  the  flaw  did 
not  start  even  up  to  1  million  cycles,  while  in  the  untreated  specimens 
the  initial  crack  started  to  propagate  after  200,000  cycles  at  a  stress 
of  4,250-17,000  psi. 


E.  SURFACE  LAYER  STRESS  FOR  NOTCHED  SPECIMENS 

(2) 

In  previous  work  the  surface  layer  stress  has  been  measured  on 
smooth  specimens  and  no  data  are  available  on  notched  specimens.  We 
consider  information  of  the  behavior  and  values  of  the  surface  layer 
in  front  of  cracks  and  notches  important  to  the  understanding  of  crack 
propagation.  Relaxation  methods  will  be  used  to  measure  the  surface 
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layer  stress  since  the  chemical  removal  method  would  alter  the  size 
and  shape  of  the  notch.  Tensile  specimens  of  titanium  (6Al-4\0  have 
been  prepared  which  have  notch  concentration  factors  of  about  3.  The 
specimens  will  be  strained  and  then  allowed  to  relax.  The  difference 
between  the  maximum  stress  during  the  preload  and  the  initial  flow 
stress  after  relaxation  will  be  taken  as  the  surface  layer  stress. 

The  strains  will  be  measured  with  a  diametral  gage  and  the  load  will 
always  be  below  that  which  causes  extension  of  the  crack. 

The  diametral  gage  has  been  manufactured  and  received.  It  con¬ 
sists  of  jaws  which  fit  right  into  the  hotch.  Two  lever  arms  transmit 
the  change  in  diameter  at  the  grips  to  a  LVDT.  The  diametral  gage  is 
being  checked  out  for  operation. 
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Figure  4 


The  Increase  in  Surface  Layer  Stress  as  with  Cycling  for  Titanium  (6AI-4V) 
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Figure  5  Deformation  of  Grains  as  a  Function  of  Stress 
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